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Review from Last Time: CP Violation and the CKM Matrix

• CP Violation first observed in Kaon system in 1964

I Because Kaon mass low, only 3 observables

• |η+−| ≡ A(KL→π+π−)

A(KS→π+π−)

• |η00| ≡ A(KL→π0π0)

A(KS→π0π0)

• δ` =
Γ(KL→π−`+ν`)−Γ(KL→π+`−ν`)

Γ(KL→π−`+ν`)+Γ(KL→π+`−ν`)

• One source of CP violation: the CKM Matrix

I In Wolfenstein parameterization:

VCKM =

 1− λ2/2 λ Aλ3(ρ− iη)
−λ 1− λ2/2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1

 +O(λ4)

• Is this the only source of CP Violation?

• To answer this question, need to make many measurements and check if
all consistent with coming from same choice of CKM parameters

• B system provides rich laboratory for doing this



Sources of B-hadrons

• CP violating effects small

I Need large number of B mesons to study decay rates with high
accuracy

• Two strategies:

e+e− → Υ(4s)→ BB

I Just above threshold

I Only B+ and B0

I Coherent stats with no additional

particles

pp or pp→ bb+X

I Very large cross section, but less
friendly environment

I Allows studies of Bs and B baryons,

was well as B± amd B0



e+e− → Υ(4s): How do the BB pairs behave?

• B and B come from Υ(4s) in a coherent L = 1 state

I Υ(4s) is JPC = 1−−

I B mesons are scalars

I Thus, L = 1

• Υ(4s) decays strongly so B and B produced as flavor eigenstates

I After production, each meson oscillates in time, but in phase so that at
any time there is only one B and one B until one particle decays

I Once one B decays, the other contines to oscillate, but coherence is
broken

I Possible to have events with two B or two B decays

• This common evolution will become important for CP studies

I Time integrate asymmetries vanish for cases where CP violation comes
from mixing diagrams

I More on this later

• In addition, in center-of-mass, B hadrons have almost no momentum

I Difficult to distinguish which tracks come from B and which from B



Asymmetric B-Factories

• e+ amd e− beams with different energies

I Υ(4s) boosted along beamline
I B mesons travel finite distance before decaying

I Typical distance between decay of the two B mesons: ∼ 200 µm

• Two B-factories built:

I SLAC

I KEK







Back to the CKM Matrix
• Reminder:

VCKM =

 Vud Vus Vub
Vcd Vds Vcb
Vtd Vts Vtb



≈

 1− λ2/2 λ Aλ3(ρ− iη)
−λ 1− λ2/2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1


• Note, from the explicit form, you can prove:

ρ+ iη = −
VudV

∗
ub

VcdV
∗
cb

• Unitarity insures V V † = V †V = 1. Thus∑
i

VijV
∗
ik = δjk column orthogonality

∑
j

VijV
∗
kj = δik row orthogonality

• Eg:
VudV

∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0



The Unitarity Triangle
• From previous page

VudV
∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0

• Divide by |V ∗cdVcb| :

VudV
∗
ub

|V ∗cdVcb|
− 1 +

VtdV
∗
tb

|V ∗cdVcb|
= 0

• Think of this as a vector equation in the complex plane

• Orient so that base is along x-axis

• Reminder from previous page:

ρ+ iη = −VudV
∗
ub

VcdV ∗cb



The Measurement Game Plan

• Want to test if matrix is unitary

I Failure of unitarity means new physics

• Make many measurements of sides and angles to over-constrain the
triange and test that it closes

α ≡ arg[−VtdV ∗tb/VudV ∗ub]
β ≡ arg[−VcdV ∗cb/VtdV ∗tb]
γ ≡ arg[−VudV ∗ub/VcdV ∗cb]



Examples:



Measuring the Sides (example): Semileptonic Decays

• Requires precise measurement of branching fractions

• Must correct for fact that b-quark is bound in a meson





Angle Measurements: Types of CP Violation

• Three different categories

I Direct CP Violation

Prob(B → f) 6= Prob(B → f)

I Indirect CP Vioation (CPV in mixing)

Prob(B → B) 6= Prob(B → B)

I CP Violation between mixing and decay

• Third category cleanest theoretically since no issues of final state
interations

• Always need more than one amplitude to allow interference



CP Violation and Phases

• CP conserved:
H =

∑
j

Hj +
∑
j

H†j

where CPHjCP = H†j .

• CP violated:
H =

∑
j

eiφjHj +
∑
j

e−iφjH†j

where each piece acquires its phase from a particular combination of
CKM matrix elements. The result then is that while
CPHjCP = H†j , in general, CPHCP 6= H.



Simplest Case for CP Violation

• If one single part Hj of the weak Hamiltonian is responsible for the
decay B0 → f then

〈f |H|B0〉 = 〈f |eiφjHj |B0〉 = 〈f |eiφjCPH†jCP |B0〉
= ηfe

2iφj 〈f |e−iφjH†j |B
0〉 = ηfe

2iφj 〈f |H|B0〉,

where ηf is the value of CP for the state f .

• Interference in the decay of a neutral B depends on the weak
phases φj , which come from the CKM matrix, and on the phase
introduced by M12.

• Mixing results from box diagram. For M12 itself, the dominant
diagram has t-quark intermediates and M12 ∝ (VtbV

∗
td)

2 with a
negative coefficient of proportionality with our convention

CP |B0〉 = |B0〉.

• It follows that |M12|/M12 = −e−2iβ .



Combining all these results we find

〈f |H|B0
phys(t)〉 ∝ e−Γt/2Af

[
cos

∆m

2
t+ iλf sin

∆m

2
t

]
,

.

〈f |H|B0

phys(t)〉 ∝ e−Γt/2Af

[
cos

∆m

2
t+ i

1

λf
sin

∆m

2
t

]
,

where
Af = 〈f |H|B0〉; Af = 〈f |H|B0〉,

and where

λf = −|M12|
M12

Af
Af

= ηfe
−2iβe−2iφwk .



Observation:

φwk is the single weak phase in the amplitude for B0 → f . We see
that |λ| = 1, a consequence of our assumptions that only one
mechanism contributes to the decay and that ∆Γ can be ignored
for Bd. The decay rate is then governed by

|〈f |H|B0
phys(t)〉|2 ∝ e−Γt [1 + ηf sin 2(β + φwk) sin ∆mt] ,

.

|〈f |H|B0
phys(t)〉|2 ∝ e−Γt [1− ηf sin 2(β + φwk) sin ∆mt] .

What is remarkable here is that there are no unknown matrix
elements involving hadrons: when just a single weak phase occurs,
the hadronic uncertainty disappears.



Examples of relevant decays



Tagging

• Need to know how observed B began life.

• Observe other B and determine whether it is B0 or B
0
.

• Determination will be imperfect.

• If it is wrong a fraction w of the time, 1−A sin ∆mt becomes

(1− w)(1−A sin ∆mt) + w(1 +A sin ∆mt) = 1−DA sin ∆mt

where the dilution D is just 1− 2w.

• Figure of merit Q =
∑
εiD

2
i , where the ith tagging category captures a

fraction εi of the neutral B events and has a dilution Di.

• Most effective tagging method: charge of lepton from semileptonic decay

• But can also use charge of kaon or charge of secondary vertex









Putting it all together


